Costimulatory signals provided by T cells are required for B cells to produce specific antibody to T-dependent antigen. We have investigated the suitability of using the CD40 culture system for the proliferation and differentiation of Ag-specific human B cells using cytomegalovirus (CMV) or tetanus toxoid (TT) as antigen. We modified the CD40 culture system (CD32-transfected L cells, anti-CD40, and IL-4) by applying a sequential cytokine stimulation and compared total B-cell cultures with antigen-specific B cells preselected by panning. The detection of specific antibody became possible when antigen-selected B cells were cultured for 7 days in the CD40 system to induce clonal expansion, followed by the addition of IL-2 and ILl0 for an additional 7 days to induce plasma-cell differentiation. We conclude that our intial inability to detect specific antibody in the CD40 system is due to overgrowth of nonspecific Bcell clones and that selection of antigen-specific B cells by panning overcomes this problem. Induction of antigen-specific antibody production was found to be optimal when the initial contact with antigen during panning was limited to between to 24 hours.
INTRODUCTION
Antibody responses to thymus-dependent antigens are mediated by cytokines and B-cell-surface receptorligand interactions provided by T helper cells. One of the important T-cell surface ligands is CD40L that interacts with CD40 on B cells and that is transiently expressed on activated T cells during the immune response (Banchereau et al., 1991; Hollenbaugh et al., 1992) . Ligation of CD40 on B cells has a wide range of effects, that is, together with IL-4, it gives a *Corresponding author. costimulatory signal for proliferation (Clark et al., 1988; Banchereau et al., 1991; Rousset et al., 1995) and heavy-chain switching (Gascan et al., 1991) , whereas such ligation together with IL-2, IL-10, or IL-15 induces antibody secretion (Rousset et al., 1992 (Rousset et al., , 1995 Armitage et al., 1993) . Furthermore, CD40 and B-cell antigen receptor (BCR) dual triggering of resting B lymphocytes turns on a partial germinal center phenotype (Galibert et al., 1996A) , and CD40 ligation is thought to be essential in the rescue of germinal center B cells from apoptosis after somatic mutation in the germinal center (Liu et al., 1992) . In vitro, the continued stimulation of germinal center B cells by in the presence of IL-2 and IL-10 promotes the generation of CD38-CD20 memory B cells, whereas removal of the anti-CD40 signal induces plasma cell differentiation (Arpin et al., 1995) . The CD40 culture system described by Banchereau et al. (1991) , in which highly purified B cells can be maintained for long periods through cross-linking surface CD40 in the presence of IL-4, opened up new possibilities for the in vitro study of human B lymphocytes. However, there have been conflicting reports about the suitability of this system for antigendriven B-cell expansion and specific antibody production in vitro. Nonoyama et al. (1993) report that the continued presence of antigen, anti-CD40, and IL-10 enabled the induction of phage-specific antibody whereas Callard et al. (1995) found that CD40 crosslinking in the presence of IL-2-inhibited specific (influenza virus) antibody production by purified human B cells.
We show in the present report that the "standard" CD40 system fails to sustain specific antibodysecreting B cells, an effect that might be due to overgrowth of nonspecific B-cell clones. However, preselection of specific B cells before placing in culture with CD32/L cells, anti-CD40, and IL-4 to induce clonal expansion, followed by plasma cell induction with IL-2 and IL-10, enables the detection of specific antibody. In addition, prolonged contact with antigen during stimulation with anti-CD40 and IL-4 appears to inhibit the subsequent formation of antibody-producing plasma cells. (Table I ).
RESULTS

Antibody Production in FACS-
The data in Table 1 show that CMV-specific B cells can be selected by panning and that the frequency of specific-antibody-producing wells depends on the nature of the antigen used for selection. The panning experiments with the highest number of wells containing antibody specific for CMV were those where CMV LA was used to select B cells, which is to be expected since the CMV LA lysate contains a wide variety of CMV antigens (see Table 1 ). In a comparable experiment, tetanus-specific B cells were selected by panning over TT and cultured as described for CMV-specific B cells. Here, antigenspecific clones were obtained in 50% of the culture wells. (Table 1 In order to test this, peripheral blood MNC from two donors recently boosted for tetanus were placed in tetanus-toxoid-coated plates and the specific B cells were allowed to adhere following the procedure for panning as described above. After removal of the nonadherent cells by thorough washing, the irradiated CD32/L cells, anti-CD40, and IL-4 were added to the panning plates and allowed to incubate either overnight or for 4 days. At the end of the initial 24-hour or 4-day culture period, the cells were removed, washed, and transferred to freshly irradiated CD32/L cells with anti-CD40 and IL-4 for a further 5 days. In each case, the medium was refreshed and the cultures were continued with IL-10/IL-2. Supernatant was harvested at day 14, 17, and 21. Antigen-specific antibody was detected when the panned B cells were washed to remove antigen and transferred to fresh cultures after 1 day, but could not be detected in either donor when the B-cell cultures were continued in the panning CD40 and IL-4 costimulation has been reported to induce proliferation and prevent the apoptosis mediated by hyper cross-linking of IgM+/IgD peripheral B cells (Parry et al., 1994) . A proliferation assay of the antigen-specific B cells in the current experiments was not performed due to the extremely low numbers of specific B cells harvested after panning. In an alternative system for expanding antigen-specific B cells using an EL-4 thymoma line and T-cell culture medium (Steenbakkers, 1994; Lagerkvist et al., 1995) , proliferation of the selected B cells is clearly visible up to about day 10. However, this system results in B cells lying free (personal observation) as opposed to tight aggregates as observed in the CD40 culture system. Although EL-4 cells also ligate CD40 on B cells, the mixture of different cytokines in the Tcell supernatant may explain the difference in observed proliferation. The T-cell replacing factor used with the EL-4 cultures is either a PWMstimulated T-cell supernatant (Lagerkvist et al., 1995) or a PHA-stimulated T-cell-macrophage supernatant (Steenbakkers, 1994) (Pulendran et al., 1995; Shokat and Goodnow, 1995) . Supporting this, Galibert et al. (1996b) It is interesting to compare the present findings with those of Callard et al. (1995) , who describe good proliferation but inhibition of the specific antibody (influenza) response after CD40 cross-linking of highly purified tonsil B cells. There are a number of important differences in their approach such as the absence of CD32/L cells for cross-linking anti-CD40 and the use of a different anti-CD40 Mab. Most significant, however, is the presence of antigen for the first 6 days of culture with anti-CD40 and culture in IL-2 instead of IL-2/IL-10, as described in the present experiments. They conclude that it is the CD40 cross-linking that inhibits specific antibody production by human B cells, but did not consider the fact that it may be the long-term dual triggering of the BCR and anti-CD40 that is having this effect. In addition, whereas T cells have been found to activate B cells in a CD40-and IL-2-dependent fashion (Blanchard et al., 1994) and IL-2 was essential for the anti-influenza antibody production by immunized MNC in vitro (Callard et al., 1995) , IL-2 alone appears unable to activate B cells in the CD40 system (Blanchard et al., 1994) . This is in contrast to BCR stimulation by antigen or SAC in the absence of anti-CD40. We and others have found IL-2 to augment the specific (Callard et al., 1995) or polyclonal antibody production in BCR-triggered B cells in vitro (Jelenek and Lipsky, 1988; Splawski et al., 1993; Itoh et al., 1994 , Schilizzi et al., 1997 .
The inhibition of specific antibody production by the continued presence of antigen may explain our inability to selectively trigger antigen-specific B cells by simultaneous stimulation with anti-CD40 and CMV antigens in the absence of cytokines, because in these experments, antigen was also continuously present. Wheeler et al. (1993) have found that engagement of CD40 lowers the threshold for activation of resting B cells via the antigen receptor when the antigen receptor is triggered with IgG1 anti-/z bound by its Fc region to CD32/L cells. However, they did not report the effect of coligation of CD40 and BCR on antibody production in these experiments.
In contrast to our results, Nonoyama et al. (1993) have reported antigen-specific antibody produced in vitro by CD40-triggered human B cells cultured for 12 days in the presence of antigen and IL-10. They selected CD19+/IgD peripheral blood B cells from volunteers recently immunized and boosted with the phage + X174 and found that in vitro antigen stimulation was essential and synergistic with anti-CD40 and IL-10. The presumably high frequency of the specific B cells in their system may explain this discrepancy since in their experiments it was not necessary to select the phage-specific B cells before culture. Other factors determining B-cell responsiveness and that make it difficult to compare with our antigen-stimulated cultures are the nature and concentration of the antigen (Bachmann et al., 1993 It is not known whether naive cells preferentially survive in culture following CD40 ligation and I1-4 or whether it is a question of overgrowth of nonspecific B cells that hinders detection of a specific antibody.
Furthermore, a complicating factor is that CD40 ligation initially stimulates proliferation and reduces antibody production (Arpin et al., 1995, Schilizzi et al., manuscript in preparation (Yellin et al., 1994) . Multiple-step culture experiments are needed to unravel the key factors in the induction and differentiation of B memory cells.
MATERIALS AND METHODS
Reagents
Purified rIL-4 and rIL-10 were obtained as gifts from Schering-Plough Research (Kenilworth, NJ) and used at 100 U/ml and 100 ng/ml, respectively. Purified r.IL-2 (Cetus, Amsterdam) was used at 10 ng/ml and anti-CD40 (Clone 89; Immunotech, France) was used at a final concentration of 0.5 #g/ml. Mouse antihuman CD20-FITC and mouse IgG1 anti-pp65 were kindly provided by MCA Development b.v [3H]-thymidine (sp.act. 2 Ci/mmol; Wilmington, DE) was added for the last 16 hr (1 /zCi/well) of a 4-day culture and incorporation was measured by liquid scintillation counting.
Analysis of Antibody Responses
Culture supernatants were analyzed by ELISA for the presence of total human IgM and IgG as well as antibodies specific for the CMV antigens pp65, gH, and CMV LA. In some experiments, anti-tetanus antibodies were measured. The antigens used for coating were (a) CMV LA (late antigens) prepared as described (Middeldorp et al., 1984) , (b) r.pp65 prepared as described by van 
